Neutral and ion chemistry in low pressure DC plasmas of H2/N2 mixtures: Routes for the efficient production of NH3 and NH4+ by Carrasco, Esther et al.
1 
 
Neutral and ion chemistry in low pressure DC plasmas of H2/N2 mixtures: Routes for the 
efficient production of NH3 and NH4+. 
Esther Carrasco, Miguel Jiménez-Redondo, Isabel Tanarro and Víctor J. Herrero 
Instituto de Estructura de la Materia, IEM-CSIC, Serrano, 123, 28006 Madrid (Spain)  
E-mail: ecarrasco@iem.cfmac.csic.es 
Abstract 
The chemistry in low pressure (0.8-8 Pa) plasmas of H2 + 10% N2 mixtures has been 
experimentally investigated in a hollow cathode DC reactor using electrical probes for the 
estimation of electron temperatures and densities, and mass spectrometry to determine the 
concentration of ions and stable neutral species. The analysis of the measurements by means of 
a kinetic model has allowed the identification of the main physicochemical mechanisms 
responsible for the observed distributions of neutrals and ions and for their evolution with 
discharge pressure. The chemistry of neutral species is dominated by the formation of 
appreciable amounts of NH3 at the metallic walls of the reactor through the successive 
hydrogenation of atomic nitrogen and nitrogen containing radicals. Both Eley-Rideal and 
Langmuir–Hinshelwood mechanisms are needed in the chain of hydrogenation steps in order to 
account satisfactorily for the observed ammonia concentrations, which, in the steady state, are 
found to reach values ~30-70% of those of N2. The ionic composition of the plasma, which is 
entirely due to gas-phase processes, is the result of a competition between direct electron impact 
dissociation, more relevant for high electron temperatures (lower pressures), and ion-molecule 
chemistry, that prevails for the lower electron temperatures (higher pressures). At the lowest 
pressure, products from the protonation of the precursor molecules (H3+, N2H+ and NH4+) and 
other from direct ionization (H2+, NH3+) are found in comparable amounts. At the higher 
pressures, the ionic distribution is largely dominated by ammonium. It is found that collisions of 
H3+, NH3+ and N2H+ with the minor neutral component NH3 are to a great extent responsible for 
the final prevalence of NH4+. 
 
Introduction  
Low pressure H2 and N2 plasmas have been studied both experimentally1-11 and 
theoretically7,8,10,12,13 for the last decades. The aim of the early experimental works was the 
synthesis of ammonia1-4,6. Although no detailed mechanisms were proposed, there was a general 
agreement that plasma-surface interactions were responsible for NH3 production. Different 
experiments demonstrated that the NH3 concentration was dependent on the materials of the 
electrodes2 or on those employed to cover the walls of the plasma reactor; platinum, stainless 
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steel and iron being more efficient than other metals or oxides.1,3-6 The experimental 
characterization of the catalysts showed that NHx radicals were present at the surface.3,6 The 
postulated mechanism involved the adsorption of excited N2 molecules and N2+ ions. After their 
dissociation at the surface, they recombined with atomic hydrogen from the gas phase or on the 
surface to form successively NHx adsorbed species. Finally, ammonia was produced and 
desorbed (ref. 4, 6 and references therein). 
From a different perspective, theoretical studies of H2 and N2 plasmas, mainly focused 
on the modeling of gas-phase volume reactions, were developed in the nineties.12,13 
Nevertheless, surface processes had to be included subsequently by Gordiets et al.8 in order to 
explain the production of ammonia and in connection with iron nitriding.7 The model developed 
by these authors proposed the direct adsorption of atomic N and H (instead of dissociative 
adsorption of N2 and H2 molecules) and then, the formation of NHx species at the surface by 
successive hydrogenation reactions.8 Recent experiments have supported this reaction 
scheme.10,11,14 Nevertheless, the wall material did not have influence on the ammonia synthesis. 
This discrepancy with previous publications was explained by the high fluxes of N and H atoms 
reaching the surface and passivating it. Under these conditions, the formation of ammonia took 
place in an additional layer on top of the passivated surface.11 In this sense, the determination of 
absolute concentrations of N, H and NHx radicals in the gas phase could help to establish the 
mechanism of their production and their role in the reactions at the surface.5,10,11 The interaction 
of these radicals with the surface of different materials was analyzed in ref. 15 and some 
reaction pathways could be hypothesized in spite of the complex phenomena examined. 
The characterization of these radicals and atoms in H2/N2 containing plasmas, and their 
interactions with the surface, are also of high relevance for technological applications, such as 
thin film growth and material processing, extended at present to the level of the nanoscale.16,17  
As an example, silicon nitride (SiN) thin films deposited by plasma-enhanced chemical vapour 
deposition (PECVD) are widely employed in the semiconductor industry (as a gate dielectric or 
passivation layer)18 and in the photovoltaic industry19. Most of the deposition processes use 
mixtures of N2-SiH4 and more frequently NH3-SiH4, since the electron energies necessary for 
dissociation of ammonia are lower than for N2. Several groups have tried to identify the main 
precursors for SiN deposition with differing results.20-23 These works exemplify the complexity 
of the chemistry involved in film deposition and the necessity of getting further insight into the 
underlying mechanisms, since the properties of the films are correlated with the plasma 
composition and conditions20 and have effects on the properties of the devices where these films 
are deposited.24 
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 In nuclear fusion research, the interest is focused on the inhibition of film deposition.25 
High fluxes of hydrogen isotopes produce chemical sputtering of carbon-based materials, which 
leads to the formation of re-deposited (a:C-H) carbon films in regions not directly exposed to 
plasma.26 Under real operation conditions, these films would have high tritium content and 
would pose a major problem for the handling of fusion devices.27 Laboratory experiments for 
similar conditions to those present at these regions in fusion reactors have achieved the 
reduction of a-C:H film deposition by the introduction of N2 in H2/CH4 plasmas.28 Studies using 
binary and ternary mixtures of H2, CH4, and N229,30 or NH3,31 provided some insight on relevant 
chemical processes. However, the exact inhibition mechanism is still not well understood. 
The importance of surface processes in plasma chemistry is not exclusively limited to 
plasmas produced under laboratory conditions. Gas-phase reactions alone cannot explain the 
abundances of gas phase H2, NH3, some alcohols and other complex species in interstellar 
clouds, and a combination of gas-phase and surface chemistry on the ice and dust particles has 
been invoked to account for these abundances and for the variety of chemical species detected.32 
Research in the field is very active at the moment and theoretical efforts to improve models (see 
refs. 33, 34 and references therein), as well as advances in experimental studies regarding 
surface reactions on cosmic ice and dust35 and closely related surface processes,36 are growing 
fast, but a good understanding of the involved chemistry is still a pending issue. 
On the other hand, ions play an important role in the synthesis of molecules in the 
interstellar medium and provide a partial picture of the free-electron abundance necessary to 
guarantee approximate electroneutrality. The electron density is relevant in astrophysics since it 
is believed to determine the rate of cloud collapse and star formation.37 In addition, some ionic 
species can be used as tracers of interstellar neutrals. N2, assumed to be the major reservoir of 
nitrogen in the interstellar medium,38 lacks a permanent dipole moment and, therefore, it has no 
rotational transitions to be detected by radioastronomy. Then, N2H+ measurements are employed 
to estimate the concentration of N2.37,39 However, proton transfer from H3+ to N2, which is 
considered the main route of N2H+ formation, is balanced by the destruction mechanism of 
dissociative electron recombination. The uncertainty in the concentrations of the charged 
particles involved, apart from the possible presence of additional sources and sinks of N2H+, 
results in errors as high as a factor of ten in the N2 concentrations.39 
In summary, experimental plasma characterization could help to improve quantitative 
estimations of gas phase species in H2 and N2 discharges, whose presence is significant in 
different low pressure plasmas. On the other hand, kinetic calculations can be useful to 
determine the relevant surface and gas-phase chemical processes and the interrelations between 
ionic and neutral species. In this work, we present a combined diagnostics and modeling of low 
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pressure H2/(10%)N2 plasmas generated in a hollow cathode DC reactor. The basic mechanisms 
leading to the observed neutral and ion distributions, as well as their relative importance in the 
studied pressure range, are identified and discussed. 
Experimental  
The experimental plasma reactor has been described elsewhere.40,41 It consists of a 
grounded cylindrical stainless steel vessel (10 cm diameter, 34 cm length) and a central anode, 
which is pumped to a base pressure of 10-6 mbar by a 450 l/s turbomolecular pump and a dry 
pump (see Fig. 1). The reactor has additional ports for pressure gauges, windows and coupling 
of the experimental techniques for the plasma diagnostics (mass spectrometers for neutrals and 
ions, and a double Langmuir probe designed in our laboratory42). Molecular gases are analyzed 
by a quadrupole mass spectrometer with electron impact ionization, Balzers QMS200, with a 
secondary electron multiplier in the analog mode. The ion fluxes are detected with a Plasma 
Process Monitor, Balzers PPM422, which includes an electrostatic focusing system, a 
cylindrical mirror energy analyzer and a quadrupole mass filter, with a secondary electron 
multiplier in the counting mode. Both spectrometers are mounted in differentially pumped 
vacuum chambers, which are connected to the plasma reactor through their respective 100 µm 
diaphragms. The pressure during plasma measurements in both systems is ~10-5 Pa (base 
pressure in vacuum 10-6 Pa).  
Measurements are done under continuous flow conditions. The absolute pressures of the 
gas precursor mixtures (measured by a capacitance manometer Leybold CTR90) are regulated 
by balancing the gas flow with two needle valves at the entrance (one for each gas) and a gate 
valve at the exit of the reactor. Mixtures of H2 (90%) and N2 (10%) were used for total reactor 
pressures of 0.8, 1, 2, 4 and 8 Pa. The ratio of both gases was fixed by measuring the intensities 
of the corresponding masses with the QMS. Previously, calibration of the different sensitivity of 
detection for each pure gas (including the global effect of the sampling diaphragm, differential 
pumping and QMS transmission) was done by comparison of the capacitance manometer 
readings at various known pressures and the quadrupole ones after background subtraction. The 
calibration of the mass spectrometer signals allows the measurement of the absolute 
concentration (or equivalently, pressure) of N2 and H2 before and during the discharge (where 
NH3 is also observed). For experimental convenience, the NH3 concentration is obtained by 
comparison with the calibration of the QMS for Ne (which has a mass close to that of 
ammonia), done in the same way as for N2 and H2, but taking into account the necessary 
corrections due to the different ionization cross section, the isotopic abundance of Ne and the 
different masses for Ne (the isotope at 20 a.m.u.) and NH3 (the fragment at 16 a.m.u.). 
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Residence times of the gases in the reaction chamber, measured according to the 
procedure described in ref. 43, vary between 0.45 s at the lowest pressure and 0.75 s at the 
highest one, with typical uncertainties of 25%. 
An electron gun built in our laboratory (consisting basically of a floating tungsten 
filament fed by a low voltage DC power supply working at 2 A, and polarized at -2000 V) is 
employed for the ignition of the plasma. Plasma currents Ip ~ 150 mA and supplied voltages in 
the range 300-450 V (depending on the total pressure) were sustained during the experiments. 
The electron mean temperature, Te, and total charge density, ne, in the reactor are 
obtained from the analysis of the characteristic curves of the double Langmuir probe 
measurements in each discharge at the corresponding total pressure of the mixture. The 
approximation of orbital limited motion in a collision-free probe sheath is considered to be 
fulfilled.44 The mean ion mass employed for the estimation of charge densities is weighted 
according to the ion density distributions deduced from the measurements of the Plasma Process 
Monitor in each case. The experimental results are displayed in Table 1. 
Ion fluxes are determined by integration of the ion energy distributions recorded for 
each individual mass value. These energy distributions were essentially concentrated in a large 
and sharp maximum (full width at half maximum, FWHM ~ 2 eV) at energies very close to that 
of the discharge potential. Some of them also had a broad and weak tail extending to lower 
potentials. A calibration of the PPM transmission to the different masses, m, of the ions in the 
range of interest is done introducing known pressures of H2, He, Ne, N2 and Ar in the PPM 
chamber, and comparing each time the PPM signal (in this case, with the ion source switched 
on), weighted by the respective ionization cross section at the chosen electron energy (70 eV), 
with the PPM chamber pressure as determined from the reading of a Bayard-Alpert gauge with 
the appropriate correction factor.30 The PPM transmission curve is proportional to m-0.5, in 
agreement with other authors.45,46 After correction by the PPM calibration, the ion fluxes 
coming from the discharge are multiplied by the corresponding square roots of their masses to 
obtain the relative ion concentrations in the plasma. 
Model 
A zero-order kinetic model is used to simulate the chemistry of ions and neutrals in the 
H2 and N2 plasmas. A set of time resolved coupled differential equations accounts for the 
different reactions taking place in the plasma glow and at the reactor walls. The solution of the 
system of equations describes the time evolution of the ionic and neutral species from the 
plasma ignition until the steady state is reached.  
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The input parameters of the model (whose numerical values are displayed in Table 1) 
are: pressures of the precursor gases (H2 and N2), residence times for the precursors and electron 
density, ne, and temperature, Te. All these parameters have been estimated experimentally as 
explained in the previous section. Te and ne are considered constant throughout the plasma 
volume for each discharge. This volume is coincident with the negative glow region and 
separated from the metallic walls of the reactor by an estimated sheath width43 of 1.5-2 cm. The 
ion temperature is assumed to be equal to the gas (translational and rotational) temperature (300 
K),42,47 which coincides also with the temperature of the reactor walls.  
The different chemical reactions included in the model, together with their 
corresponding rate coefficients, are listed in Table 2 (gas phase chemistry) and Table 3 (surface 
chemistry). The gas phase processes considered are electron impact ionization (I1-I12), electron 
impact dissociation (D1-D7), electron impact neutralization (N1-N12) and ion-molecule reactions 
(T1-T25). The surface processes comprise ion neutralization at the reactor walls (K1-K10) and 
heterogeneous reactions among the neutral species (W1-W15). 
Electron impact ionization rate coefficients for H and H2 and electron impact 
dissociation for H2 have been calculated by fitting the up-going post-threshold part of the 
measured cross sections to a line-of-centers functionality48 (see Table 2 for references). This 
functionality leads to a simple Arrhenius like expression for the temperature dependence of the 
rate coefficient. Following an analogous procedure and using the recommended cross section 
for the electron-impact dissociation of N2 by Cosby49, the corresponding rate coefficient has 
been estimated. According to ref. 49, predissociation to form N(2D) + N(4S) products is the 
dominant dissociation mechanism. The contribution of N(4S) + N(4S) and N(2P) + N(4S) minor 
channels cannot be totally excluded though. For simplicity, the model considers only one kind 
of nitrogen atoms, labeled N, irrespective of their initial electronic state. The electron impact 
dissociation rate coefficient for NH, NH2 and NH3 is expressed by the same type of line-of-
centers functionality. The threshold energies for the relevant dissociative states have been taken 
from photodissociation experiments and from calculations.50-53 The pre-exponential factors have 
been estimated for consistency with the present data.  
The free plasma electrons are assumed to follow a Maxwellian-like energy distribution. 
Deviations from a Maxwellian behaviour in N2 containing plasmas, due to a coupling between 
vibrational excitation and the electron energy distribution function (EEDF), has been analyzed 
in depth in the past,12,54 and it has been shown that in plasmas rich in H2, the deviation from a 
Maxwell distribution is not very pronounced.12 Given the relatively low concentration of N2 in 
our plasmas and the measured electron temperature Te (3-4 eV), we believe that the Maxwellian 
EEDF is still a reasonable approximation.  
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The absolute partial rate coefficients for electron impact ionization of the various Nx 
and NHx species are expressed as polynomial expansions in Te. These rate coefficients were 
obtained by averaging the corresponding ionization cross sections from the cited literature 
sources over the assumed Maxwell distribution of electron energies. The cross-sections for 
ammonia and for the radicals NH and NH2 were reported by two groups.55,56 Given the 
insensitivity of electron impact ionization to isotopic substitution, both groups used deuterated 
variants in their measurements for experimental convenience. We have selected the results of 
ref. 58 because they lead to a better agreement with our measurements. 
 Excited atoms and molecules can be formed in H2/N2 plasmas of different kinds, mostly 
by electron impact or in surface processes (see for instance8,13,14,57-59 and references therein). 
Their influence on the chemistry of H2 and N2 DC discharges of variable concentrations has 
been studied in detail in the model of Gordiets et al.8,13 For the low pressures of our discharges 
and for the dimensions and characteristics of our reactor, which favor neutral chemistry at the 
metallic walls, the contribution of excited species to the global chemistry is expected to be 
small, given their comparatively low concentration and relatively moderate rate coefficients for 
reaction with major plasma species.8,13 Consequently, we have not included excited species in 
the model. Binary gas-phase reactions between ground state neutral species have not been 
considered either, due to their low probabilities at room temperature (see ref. 13 and references 
therein). Three-body processes can be also ignored at the low pressures of our discharges. 
Rate coefficients for the relevant ion-neutral reactions (T1-T25) at a gas temperature of 
300K have been taken from the compilation by Anicich.60 The rate coefficients for the 
recombination of electrons and positive ions (N1-N12), taken from various literature sources, are 
also included in Table 2. Negative hydrogen ions, H¯, are often considered in the modeling of 
H2 containing plasmas, but again, as discussed in ref. 61, their concentration is expected to be 
negligible for the conditions of our discharges.62  
 
The rate coefficients (K1-K10) for the neutralization of ions at the wall are obtained by 
considering that the net ion generation in the gas phase (difference between the total ion 
concentration produced by ionization, ejj j nXc ][
15
1∑ =  and destroyed by neutralization, 
emm m
nZc ][12
1
'∑ = )  must be balanced by the total ion flux to the cathode wall, in order to meet 
the electroneutrality condition41 
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where [Xj] refers to the concentration of the neutrals and [Zm] and [Zl], to the ionic species. The 
loss rate of a given ion to the reactor walls is proportional to its mobility, and thus inversely 
proportional to the square root of its mass63 im . 
Regarding heterogeneous processes at the walls of the reactor, some general 
approximations have been introduced: the adsorption is Langmuirian, i.e., gas phase species can 
only adsorb on free surface sites until the surface is fully covered by adsorbates (monolayer 
adsorption), all the surface sites are treated as identical and the adsorbate-adsorbate interactions 
are neglected. Surface modifications and/or solubility of gases in the bulk have not been 
considered of relevance for the kinetics of ammonia production. This assumption is based on 
surface science studies and high-pressure catalysis modeling (see ref. 64 and references therein). 
The effect of adsorption on the concentrations of the atomic and radical gas phase 
species denoted by [X] (where [X] in cm-3 refers to H, N, NH and NH2) is described by the 
following rate equation: 
][1][)]([ XS
S
XSw
dt
sXd
F
Tads
Fads ⋅⋅⋅−=⋅⋅−= τ         (2) 
where wads is the rate coefficient, SF the free surface site density and ST the total surface site 
density, for which the conventional 1015 cm-2 value65 has been assumed. The free surface site 
density is expressed as ∑−= )]([ sXSS TF , where [X(s)] indicates the density of atoms or 
radicals adsorbed on the surface (cm-2). τads is a decay time for the particle density in the gas 
phase due to diffusion and adsorption at the reactor’s wall, which is given by: 
ads
ads
ads vA
V
D γ
γ
τ ⋅
⎟⎠
⎞⎜⎝
⎛ −⋅
⋅+Λ= 2
1142
            (3) 
where we follow the formulation of Chantry.66,67 Λ is the diffusion length, D, the diffusion 
coefficient, ν is the thermal velocity of atoms and radicals and V/A, the volume-area ratio of 
the reactor. 
The value of the sticking coefficient, γads, for atomic H, N and the radicals NH and NH2 
is selected to be 1 on metallic wall reactors, since the sticking probability of atoms and radicals 
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is known to be high on transition metals.63 On the contrary, N2 and H2 dissociative adsorption is 
neglected under plasma conditions, (for example, the dissociative adsorption sticking coefficient 
of N2 on Fe surfaces near room temperature is very low68, ~10-6, and ≤ 0.1 for H269). 
The evolution of adsorbed species, X(s), is defined by: 
][1][)]([ XS
A
V
S
XS
A
Vw
dt
sXd
F
Tads
Fads ⋅⋅⋅⋅=⋅⋅⋅= τ       (4) 
which is formally analogous to equation (2). The possibility of desorption of Xs depends on its 
binding energy to the surface, usually ≥ 1eV for chemisorbed species.70 Implicitly, we assume 
that atoms and radicals are chemisorbed on the metallic reactor walls. Therefore, the 
spontaneous desorption of H(s) and N(s) atoms, and NH(s) and NH2(s) radicals, is highly 
improbable, and desorption reactions have not been included in the model (see Table 3). 
 H2 and N2 can be formed by surface processes. In principle, both Eley-Rideal and 
Langmuir-Hinshelwood mechanisms are possible. The first process occurs by abstraction of one 
H(s)/N(s) atom by an incoming H/N gas phase atom, and the Langmuir-Hinshelwood 
mechanism, by reaction between two adsorbed atoms, i.e., H(s) + H(s) → H2 + 2Fs where Fs 
represents a free surface site. However, in a previous work61 the kinetic model showed that only 
ER recombination was relevant for the formation of H2, D2 and HD from H2 and D2 discharges 
in the same reactor used in the present study. The comparison of model calculations and 
measurements led to the conclusion that the activation energy for LH reaction was too high for 
those discharges. In our present work, with mixtures containing 90% H2, a basically similar 
behavior is expected. In the case of N2, the LH mechanism is even less important, since the 
higher activation barriers for diffusion71,72 determine a lower surface mobility of nitrogen atoms, 
as compared with hydrogen atoms. In fact, surface kinetic simulations predict higher activation 
energies for the formation of N2 than for that of H2.73 The previous considerations indicate that 
the production of H2 and N2 molecules takes place essentially through the Eley-Rideal reactions 
W2 and W4. The rate of formation of [XY] (in this case X≡Y) is given by: 
)]([][1)](][[][ sYX
S
sYXw
dt
XYd
TER
ER
XY
XY
⋅⋅⋅=⋅= τ       (5) 
XYER
w  is the rate coefficient and 
XYER
γ   is formulated as before :  
XY
XY
XY
ER
ER
ER vA
V
D γ
γ
τ ⋅
⎟⎠
⎞⎜⎝
⎛ −⋅
⋅+Λ= 2
1142
            (6) 
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where the γads coefficient of equation (3) is substituted for the ER surface coefficient XYERγ . The 
value of 
XYER
γ selected for H2 is 1.5x10-3 (taken from ref. 61) and a value of 6x10-3 is estimated 
for N2. 
The production of NH3 is assumed to take place by the successive hydrogenation of 
adsorbed nitrogen atoms and nitrogen containing radicals at the surface of the stainless-steel 
reactor walls. In fact, the gas phase volume reactions alone are not able to produce ammonia in 
detectable amounts in our case, in agreement with previous works8,59. The proposed reaction 
scheme (W5-W15) at the surface, developed in accordance with those already presented by other 
authors8,11, is shown in Table 3. A combination of Eley-Rideal (ER) (understood in the sense of 
incoming gas phase species directly reacting with adsorbed ones, independently of the 
immediate desorption or not of the product) and Langmuir-Hinshelwood (LH) reactions 
produces adsorbed NHx radicals in additive steps until NH3 is formed and desorbed to the gas 
phase. The desorption step is assumed to be immediate and has been omitted following refs. 8, 
10 and 11. The abrupt drop of the NH3 signal in the quadrupole mass spectrometer after 
switching off the discharge supports this last assumption. Even so, some tests with the model 
have been done including a desorption step for NH3 (with barriers for desorption ≤0.5 eV71). The 
steady-state is attained later but the concentrations are basically unaffected and the surface 
coverage of NH3(s) is negligible in comparison with the rest of the adsorbed species. The LH 
reaction H(s) + N(s) → NH(s) has been excluded since the energetic barrier for this process is 
moderately high71 and difficult to overcome at the temperature of our experiments. Therefore, it 
is clearly less efficient than the E-R reactions (W7-W8) to produce NH(s) radicals.  
 The rate of adsorbed NHx radicals production by means of the ER reactions W7-W10 is 
expressed as: 
)]([][1)](][[)]([
)(
)(
sYX
A
V
S
sYX
A
Vw
dt
sXYd
TER
ER
sXY
sXY
⋅⋅⋅⋅=⋅⋅= τ    (7) 
where Y(s) stands for the atom or radical adsorbed at the surface, X, for the impinging atom, 
and XY(s), for the adsorbed radical after reaction. 
)( sXYER
w  is the rate coefficient for these 
processes and 
)( sXYER
τ , the characteristic time for these ER reactions, which is given by: 
)(
)(
)(2 2
114
sXY
XY
sXY
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sER
ER vA
V
D γ
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τ ⋅
⎟⎠
⎞⎜⎝
⎛ −⋅
⋅+Λ=           (8) 
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 In addition to the ER mechanism just discussed, the adsorbed radical NH2(s) can be 
formed at the surface of the metallic walls by a LH mechanism (reaction W11). The 
corresponding rate equation can be expressed as8,74: 
)]([)]([
4
)]()][([)]([ sYsXe
S
sYsXw
dt
sXYd wB
ad
Tk
EE
T
LH ⋅⋅⋅⋅=⋅=
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−ν
    (9) 
where we consider that the adsorbed species can migrate by surface diffusion: ν  is the surface 
diffusional jump frequency (whose value is assumed to be72 ≈1013 s-1) and Ed, the activation 
energy for diffusion (an assumed value of ~0.2 eV, characteristic of chemisorbed H atoms on Fe 
surfaces72). Ea stands for the activation energy of the chemical process. The values of Ea used 
for the model are 0.3 eV for reaction W11 (compatible with surface studies for chemisorbed 
species71,73). Tw is the temperature at the reactor wall (~300 K) and kB is the Boltzmann constant. 
 The rate of formation of ammonia by the ER reactions W12-W14 is also expressed by the 
equations (4) and (5) taking into account that X refers not only to an atom, but also to a radical 
or stable molecule in the gas phase. Y(s) corresponds to an adsorbed atom or radical.  
Finally, the rate expression for the production of NH3 by the LH reaction W15 is similar 
to (9): 
)]([)]([
4
)]()][([][ sYsX
V
Ae
S
sYsX
V
Aw
dt
XYd wB
ad
Tk
EE
T
LH ⋅⋅⋅⋅=⋅=
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−ν
  (10) 
but XY is a desorbed gas phase product instead of an adsorbed one. In this case, the value of 
activation energy Ea is 0.2 eV. The rest of parameters are defined as before (with the same 
numerical values). 
The values of 
)( sXYER
γ  employed in the model are included in Table 3. These values, 
which as far as we know are not available in the literature, have been chosen for a best global 
agreement with the extensive set of data measured in this work over the whole range of 
pressures investigated. In accordance with intuitive expectations and for consistency with the 
results of Jauberteau et al.10, the ERγ  coefficient for reaction W14, which implies gas phase H2 
molecules, has been assumed to be significantly smaller than those involving gas phase atoms or 
radicals.   
Results and discussion 
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The experimental measurements of the present work demonstrate the high efficiency of 
the investigated discharges for the generation of NH3 and of its ionic derivative NH4+. The 
following discussion is centered on the analysis of the relative relevance of the various 
mechanisms responsible for the appearance of these species under the different circumstances 
considered. The efficient generation of ammonia in these low temperature plasmas, suggests the 
possibility of substituting the hazardous NH3 by N2 as fuel gas for discharges in processing 
applications in various fields (nanotechnology, production of nitride films…). 
The experimental relative concentrations of neutral species measured at three different 
pressures (0.8, 2 and 8 Pa) are shown in Figure 2, together with the model calculations. The 
results obtained at 1 and 4 Pa (not displayed) show an intermediate behaviour. The 
concentrations of the calculated and measured stable molecules (H2, N2 and NH3) are put to 
scale for comparison. Apart from the precursor gases, NH3 is detected in significant amounts, 
with a higher relative concentration at the lowest pressure. In addition, the figure includes the 
atomic (H and N) and radical (NH and NH2) distributions given by the model. Although these 
species have not been experimentally detected, the relatively high atomic H concentrations are 
consistent with previous results from our group40 and appreciable concentrations of the NH and 
NH2 radicals have also been observed by other groups in H2/N2 discharges.5,10 In our case, gas 
phase dissociation of ammonia is the main source of NH and NH2 radicals. 
The steady-state concentrations of the neutral species for each pressure are the result of 
a complex balance between dissociation by electron impact of the stable molecules (not only of 
the H2 and N2 precursors but also of ammonia) and radicals, and surface generation of the stable 
species, predominantly NH3 but also H2 and N2 (see Table 3). The precursor gases are largely 
recycled before leaving the reactor due to the relatively long residence times (between ~0.45 
and 0.75 s). The increase in NH3 concentration at 8 Pa, which could be intuitively expected due 
to the higher residence time at this pressure, is basically compensated by a slight increase of the 
plasma volume (i.e., a smaller sheath width that is estimated to change from 2 to 1.5 cm with 
increasing pressure43,63), which favors NH3 dissociation. NH3 formation is triggered by the 
supply of atomic H and N to the surface, which depends on an efficient dissociation of H2 and 
N2. The efficiency grows substantially with increasing electron temperature, Te, as can be 
observed in Figure 3 a, where the rate coefficients for electron impact dissociation of the various 
neutrals present in the plasma (reactions D1-D7) are displayed over the range of electron 
temperatures of interest for our experiments (note that the rate coefficient of reaction D4 is equal 
to that of D5). Since the dissociation rate of N2 is the lowest of all neutral species and its 
proportion in the mixture is only 10%, the adequate supply of N atoms to the reactor walls, 
regulated by Te, will be an important control parameter for the production of ammonia at the 
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surface. It is worth noting that the dissociation of the NHx species is very efficient already at 
low Te but less sensitive than that of H2 and N2 to a change in Te.  
Further insight into the interconnected gas phase and surface chemistry can be gained 
by analyzing the model steady-state concentrations of the most relevant neutral species as a 
function of electron temperature. Calculated results at 2 Pa are displayed in Figure 4 for gas 
phase molecules and atoms (a) adsorbed species (except for NH2(s), <1012 cm-2 anywhere) (b) 
and the most representative surface production terms (c). 
The minimum concentration of NH3 is predicted at the lowest Te (2 eV) due to a limited 
supply of atomic N; but even for this electron temperature, a significant amount of NH3 is 
already produced, mainly through reactions W13 and W15. Reaction W12 represents a minor 
contribution to ammonia formation at any pressure and is not shown in the figure. Because H2 
constitutes 90% of the precursor mixture and its dissociation is more efficient than the 
dissociation of N2, H is the main atomic or radical species in the gas phase and at the surface. 
This second circumstance allows not only the formation of NH3 but also the formation of H2 via 
reaction W2. As a consequence, part of the adsorbed H is lost for the generation of ammonia and 
it is recovered as one of the precursor species. However, between 2.5 and 3 eV, the dissociation 
of N2 starts to be more efficient, N adsorption is more relevant than before, reaction W8 gains in 
importance and, under steady-state conditions, an enriched N(s) surface produces NH3 mainly 
through reactions W14 and W15. At the same time, the formation of H2 via W2 is inhibited and 
the production of N2 via W4 too, since most of the atomic N is at the surface or takes part in 
ammonia generation. The most favorable situation for NH3 production corresponds to the 
conditions in which atomic gas-phase concentrations are drastically reduced and the surface is 
preferentially covered with atomic N. These conditions are not fulfilled beyond 3 eV, since gas 
phase dissociation is significant, leading especially to atomic H. The excess of atomic H reverts 
to a prevailing H(s) covered surface and the production of H2 at the surface grows substantially. 
With growing Te, the dissociation of N2 is also favored and reaction W4 produces also more N2. 
These processes are responsible for the small upturn in both molecular concentrations near 3.1 
eV. At higher Te, the dissociation of molecular species is so efficient that their steady-state 
concentrations drop in spite of the more efficient surface production.  
As a consequence of the complex balance between electron impact dissociation and the 
various surface processes, the concentration of NH3 is predicted to be maximized in the plasma 
over a given Te range that depends on pressure. Figure 5 shows the evolution of the relative NH3 
concentration as a function of Te for the three pressures considered, together with the 
experimental measurements corresponding to the actual discharges investigated. Note that just 
one experimental point can be measured at each pressure with our experimental set-up. This 
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point corresponds to the condition where the Te value adjusts itself automatically for each 
pressure. The measured data are certainly consistent with the calculations, but they should not 
be viewed as a rigorous proof of the predictions, which are not restricted to a single electronic 
temperature, but extend over a Te range.  In this respect, the figure depicts basically model 
results. As can be seen, the interval of maximal NH3 concentration is narrow at the higher 
pressures, but becomes broad, with a gentle decline toward higher Te, for 0.8 Pa. The 
experimental points for the 2 Pa and 8 Pa discharges turn out to be just beyond their respective 
maxima, which end in an abrupt fall. The point for the 0.8 Pa discharge is also past the 
maximum, but its value is not much lower, since it is placed on the gentle down-going slope. In 
retrospect it is not surprising that the maximum relative concentration of ammonia was 
measured for the lower pressure, since in this case, NH3 production is favored over a much 
wider Te range. 
As indicated above, both LH and ER mechanisms have been considered in a combined 
reaction scheme for the synthesis of ammonia on the metallic surface, in accordance with 
previous literature works8,14. However, given the high flow of atoms to the wall characteristic of 
our low pressure plasmas, it is worth investigating whether a scheme based purely on ER 
reactions could account for our experimental data. To these end we have performed additional 
simulations with the model. The results are represented in Figure 6 for the 0.8 Pa discharge, i.e., 
the one with the lowest pressure and most sensitive to surface processes. A direct elimination of 
the two LH processes included in the model (reactions W11 and W15) without changing the ERγ  
coefficients leads to a too low NH3 production and to a distortion in the predicted concentrations 
of H2 and N2 which are overestimated and underestimated respectively (black bars). In order to 
recover the agreement with experimental results without the LH reactions, the ERγ   coefficients 
must be raised significantly, as shown by the stripped bars in the figure that correspond to a ten-
fold increase in the value of ERγ  for nitrogen recombination and to a five-fold increase in the 
ERγ  values for all reactions involving NHx species. These values are deemed unrealistically 
high and are not suitable for the higher pressures. Our results support thus the prevalent view 
stressing that LH reactions are also of relevance for the heterogeneous synthesis of ammonia in 
this type of plasmas. 
The model analysis of the plasma kinetics described thus far outlines the basic processes 
responsible for the observed composition of neutral species and underlines the strong 
interconnection between gas-phase and surface chemistry and the crucial influence of electron 
temperature. Specifically, the production of NH3 has been found to depend very sensitively on 
the delicate balance between formation and destruction of the NHx intermediates implied. The 
model provides in principle a good global picture of the steady state plasma chemistry, but it 
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also has obvious limitations, since it relies on a series of assumptions about the number of 
surface sites or surface reaction parameters. In the absence of in situ surface characterization, 
which is beyond our experimental capabilities, the predictions about coverage by the distinct 
species cannot be directly verified. Apart from wall neutralization, the model neglects ionic 
interactions with the surface and it does not consider ionic effects on the surface chemistry or a 
possible surface modification by electron bombardment. The reproducibility of the experiments 
suggests, however, that the surface is not appreciably modified by the studied discharges. 
Figure 7 shows the measured ion distributions at 0.8, 2 and 8 Pa (as in the case of 
neutrals, the results at 1 and 4 Pa display intermediate behaviors). At the lowest pressure, the 
relative concentrations of H2+, H3+, NH3+, NH4+ and N2H+ have similar values; but with 
increasing pressure, the concentration of NH4+ grows progressively and largely dominates the 
ionic distribution at 8 Pa. The relative ionic concentrations resulting from the model 
calculations are also displayed for comparison. The global evolution with pressure is 
satisfactorily reproduced by the model although some discrepancies are observed (see below). 
As found previously in plasmas of other gas mixtures75, the overall ion results can be explained 
mainly by the decrease of the electron temperature Te at higher pressures. NH4+ together with 
H3+ and N2H+ are formed exclusively by ion-neutral gas phase reactions (see Table 2). In 
contrast, the rest of the ions can also be generated in significant amounts by direct ionization (in 
fact, for H2+ and N2+ this is the only way). This channel tends to be preferential for high Te, 
since production by some of the ion-molecule reactions T1-T25 is often compensated by 
destruction via other reactions in the group. The rate coefficients of the most relevant ionization 
reactions (I3, I6, I11 and I12) as a function of the electron temperature Te are displayed in Figure 3 
b. At 8 Pa, Te is slightly lower than 3 eV and the rate coefficients for electron impact ionization 
are smaller than those for the ion-molecule reactions. Under these circumstances, the ion 
distributions are determined to a large extent by ion-molecule chemistry, which leads 
preferentially to NH4+ as soon as NH3 is present in appreciable concentrations (the ammonium 
ion does not have destruction channels in the gas phase and is essentially lost through wall 
neutralization). However, at 0.8 Pa, the electron temperature reaches 4 eV and the rate 
coefficients for direct ionization, notably those for NHx species, approach those for ion-
molecule reactions. Consequently both types of processes compete and a more uniform 
distribution of ionic concentrations is observed. The relative concentration of NH4+ decreases at 
0.8 Pa with respect to higher pressures, whereas the proportions of the rest of the ions, 
especially NH3+ and NH2+ grow appreciably. The relative concentration growth is also found, to 
a smaller extent, for H3+ and N2H+ (which are not formed by direct electron impact ionization), 
due to the larger availability of their primary ionic precursors. 
16 
 
The key role played by electron temperature in the ion distribution is further illustrated 
in Figure 8, which shows the calculated evolution of molecular ions with Te in the 2 Pa 
discharge. For this simulation, plasma volume and electron density are kept constant. A very 
similar qualitative behavior, not shown for brevity, is also obtained for the other two pressures 
investigated. For the lowest electron temperature, the rates of ion production by electron impact 
are low (see Fig. 3b) and, as just mentioned, the generated ions are preferentially transformed 
into NH4+ through the chemical network listed in table 2 (reactions T1-T25). Note that the NH4+ 
concentrations are divided by a factor of two in Fig. 8. With increasing Te the concentration of 
NH4+ decreases sharply and those of the other ions increase, giving rise to more uniform 
distributions. Between Te~4 and 5 eV the major ion is NH3+, with a significant contribution from 
direct ionization. Beyond 5 eV, the H2+ ion, formed exclusively in the electron impact ionization 
of H2, becomes dominant. Between 2 and 3 eV, the maximum in the concentration of NH3 as a 
function of Te commented on above is clearly imprinted in the curves of the various ions 
implied in NH3 chemistry. Reactions T8, T22 and T25 lead to a relative growth of NH4+ and to a 
concomitant decrease of H3+, NH3+ and N2H+ in clear correspondence with the NH3 maximum 
shown in figures 4 and 5. 
Although the model predicts well the global relative experimental ionic concentrations 
at a given pressure and their changes as the pressure is modified, there are some discrepancies 
between the experimental concentrations of some ions and the calculated ones. NH2+ and NH3+ 
are overestimated by the model and H2+ and H3+ are underestimated. These differences are 
present in all cases, but they are more evident at the highest pressures. The reasons for these 
discrepancies are not clear, especially considering that ionic chemistry is strictly restricted to the 
gas phase and is not plagued by the uncertainties commented on above for surface reactivity. 
Specifically, consistent values for the relevant electron impact ionization cross sections are 
available and the rate coefficients for the main gas phase sinks and sources of the various ions 
seem well established in the literature (see literature sources in Table 2 and the references cited 
in them). Sheath collisions, leading to additional reactions or charge transfer, not considered in 
the model, could contribute to explain the differences between the experimental data and the 
model results, but they are very difficult to evaluate due to the scarcity of data on cross sections 
for molecular ions over the required energy range (up to 300-400 eV). The comparatively low 
pressure of the experiments and the analysis of the ion energy distributions reaching the 
cathode43 suggest that the measurements should not be significantly perturbed by collisions in 
the plasma sheath, but some distortion of the measurements cannot be entirely ruled out (see 
references75,76 for more detailed comments on possible sheath effects). The assumption of a 
Maxwell distribution of electron energies and the neglect of internally excited species in the 
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model calculations may also contribute to the observed discrepancies between measurements 
and simulations.  
Before closing this section, it is worth noting that the efficient transformation of N2H+ 
into NH4+ in the presence of NH3 reflected in the results of this work can have implications for 
astrophysics, mainly in protostellar regions, where temperatures can be high enough to 
evaporate NH3 from the dust grains. The evaporated NH3 would then deplete N2H+ directly, 
through reaction T25, and indirectly by destroying its precursors H2+ and H3+ through reactions 
T4 and T8. Under circumstances, this NH3 chemistry could modify the balance between N2H+ 
formation through proton transfer from H3+ to N2 (T9) and the destruction mechanism of 
dissociative electron recombination (N12) assumed in estimates of molecular N2 
concentrations.39  
Summary and conclusions 
H2-N2 plasmas with a low content of N2 in the precursor gas mixture (~10%) generated in a 
hollow cathode DC reactor have been characterized experimentally using mass spectrometry, 
for the measurement of neutrals and ion concentrations and a double Langmuir probe, for the 
estimation of electron temperatures and densities. Apart from the precursors, ammonia is 
detected in appreciable concentrations, comparable to that of N2 at the lowest pressure. A simple 
zero order kinetic model which couples gas-phase and heterogeneous chemistry, reproduces the 
global composition of the plasmas over the whole range of pressure experimentally studied. A 
detailed analysis based on the results of the model has allowed the identification of the main 
processes determining the observed neutral and ion distributions and their evolution with 
discharge pressure.  
Ammonia is formed at the surface of the metallic reactor walls by the successive hydrogenation 
of atomic nitrogen and nitrogen containing radicals. Both Eley-Rideal and Langmuir-
Hinshelwood mechanisms are necessary to account for the measured distributions of neutrals. 
At the lowest pressure, the gas phase dissociation of N2, which is controlled mainly by the 
electron temperature, supplies an adequate flux of N atoms to the walls to favor ammonia 
production. A feedback mechanism allows the enrichment of the surface in atomic N which, at 
the same time, reduces drastically H2 formation at the surface via an Eley-Rideal mechanism 
and guarantees an efficient NH3 generation. As a result, the concentration of NH3 approaches 
that of N2. With growing pressure, the plasma conditions provide a relatively high H atomic 
content in the gas-phase and lead to a preferentially H-covered surface, which forms not only 
ammonia but also molecular H2 (and to lesser extent N2). As a consequence, the presence of 
NH3 in the relative concentrations of neutral species decreases.  
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The plasma ion distributions, produced exclusively in the gas phase, are largely influenced by 
variations in the electron temperature. At lower pressures and higher electron temperatures, the 
rates of electron impact ionization compete with those of ion molecule chemistry. The resulting 
ion distribution is relatively uniform, with similar concentrations of several ions. However, at 
higher pressures and lower electron temperatures, ion-molecule processes control the chemistry 
and the protonation reactions result ultimately in a distribution of ionic species with a marked 
NH4+ predominance. The strong prevalence of NH4+ in the distribution is a direct result of the 
ion molecule chemistry of NH3, which mediates the generation of ammonium ions at the 
expense of H3+ and N2H+. This intertwined reactivity of the three protonated ions should be 
considered in the estimations of molecular N2 densities in astrochemistry, which are mostly 
based on N2H+ measurements, if ammonia is present in appreciable amounts in the gas phase. 
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Figure captions 
Figure 1. Experimental setup 
Figure 2. Experimental (grey bars) measurements and model calculations (black bars) of the 
relative concentrations of neutral species in the H2/(10%)N2 mixture at (a) 0.8 Pa, (b) 2 Pa and 
(c) 8 Pa. The experimental and theoretical distributions have been put to scale by normalizing 
the sum of the signals corresponding to masses 2, 28 and 16, for which measurements are 
available. 
Figure 3. (a) Dissociation rate coefficients of the stable molecules (H2, N2 and NH3) as well as 
radical species (NH and NH2) as a function of the electron temperature (Te). (b) Ionization rate 
coefficients of H2, N2 and NH3 as a function of the electron temperature (Te). See text and table 
2. 
Figure 4. Calculated variations of the steady-state concentrations for the most significant gas 
phase neutrals (a), adsorbed species (b) and surface production terms (c) with electron 
temperature (Te) at 2 Pa. The labels in (c) have the same nomenclature used for the surface 
reactions of Table 3. They indicate the final product formed too. LH and ER stand for 
Langmuir-Hinshelwood and Eley-Rideal mechanisms, respectively. The best fitting to the 
experimental results corresponds to a Te=3.1 eV. See text for further explanations. 
Figure 5. Calculated relative NH3 concentration as a function of Te for 0.8, 2 and 8 Pa. The dots 
with error bars indicate the experimental values. 
Figure 6. Experimental and calculated neutral species (only stable molecules are shown) by 
employing exclusively an Eley-Rideal model for surface reactivity (i.e. excluding W11 and W15) 
with the same ERγ   coefficients of the complete model (1), and with a ten-fold increase in the 
value of ERγ  for nitrogen recombination and a five-fold increase in the ERγ  values for all 
reactions involving NHx species (2). See text for further details. 
Figure 7. Measured (grey bars) and calculated (black bars) ion distributions for plasmas with a 
H2/(10%)N2 precursor mixture at (a) 0.8 Pa, (b) 2 Pa and (c) 8 Pa. The sum of the signals for 
each case has been normalized to one. 
Figure 8. Changes of the calculated ionic distribution with electron temperature (Te) in the 2 Pa 
discharge. Note that the displayed NH4+ concentration is divided by a factor of two. 
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Table 1. Electron temperatures (Te) and densities (Ne) obtained experimentally by the Langmuir 
probe and adjusted to the best fittings to neutral and ion concentrations in the model at different 
pressures, together with the corresponding residence times (tr). 
 
Pressure 
(Pa) 
Te 
(eV, experiment) 
Te 
(eV, model) 
Ne 
(cm-3, experiment) 
Ne 
(cm-3, model) 
tr 
(s, experiment) 
tr 
(s, model) 
0.8 3.8 ± 0.5 4.15 2.6 ± 0.5 2.3 0.45 ± 0.15 0.43 
2 3.4 ± 0.5 3.1 3.5 ± 0.5 3.6 0.55 ± 0.15 0.53 
8 3.1 ± 0.5 2.8 2.8 ± 0.5 3.3 0.75 ± 0.15 0.61 
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Table 2. Homogeneous reactions 
 Process Rate coefficient (cm3 s-1) Reference 
 Electron impact ionization   
I1 N + e → N+ + 2e 1.26×10-10xTe - 1.72x10-10 xTe2 + 6.51×10-11xTe3 - 5.75x10-12xTe4 + 1.71 ×10-13xTe5 77 
I2 N2 + e → N+ + N + 2e -5.68×10-12xTe + 8.57x10-12 xTe2 - 4.11×10-12xTe3 + 7.26x10-13xTe4 - 3.09 ×10-14xTe5 78 
I3 N2 + e → N2+ + 2e 1.01×10-10xTe - 1.13×10-10xTe2 + 3.14×10-11xTe3 - 7.52x10-13xTe4 - 5.14×10-14xTe5 78 
I4 H + e → H+ + 2e 6.50×10-9xTe0.49xe-12.89/Te 40a 
I5 H2 + e → H+ + H + 2e 3.00×10-8xTe0.44xe-37.72/Te “ 
I6 H2 + e → H2+ + 2e 3.12×10-8xTe0.17xe-20.07/Te “ 
I7 NH + e → NH+ + 2e 1.38×10-10xTe - 1.85x10-10xTe2 + 6.65x10-11xTe3 - 4.36x10-12xTe4 + 3.02x10-14xTe5 55 
I8 NH + e → N+ + H + 2e 5.66×10-11xTe - 6.91x10-11xTe2 + 2.33x10-11xTe3 - 1.96x10-12xTe4 + 4.96x10-14xTe5 “ 
I9 NH2 + e → NH2+ + 2e 1.76x10-10xTe - 2.70x10-10xTe2 + 1.17x10-10xTe3 - 1.24x10-11xTe4 + 4.23x10-13xTe5 “ 
I10 NH2 + e → NH+ + H + 2e 1.08x10-10xTe - 1.28x10-10xTe2 + 4.11x10-11xTe3 - 2.91x10-12xTe4 + 5.15x10-14xTe5 “ 
I11 NH3 + e → NH3+ + 2e 1.53x10-10xTe - 2.24x10-10xTe2 + 9.37x10-11xTe3 - 9.79x10-12xTe4 + 3.33x10-13xTe5 “ 
I12 NH3 + e → NH2+ + H + 2e 1.57x10-10xTe - 2.02x10-10xTe2 + 7.22x10-11xTe3 - 6.69x10-12xTe4 + 1.97x10-13xTe5 “ 
 Electron impact dissociation   
D1 H2 + e → 2H + e 1.75×10-7xTe-1.24xe-12.59/Te 40 
D2 N2 + e → 2N + e 1.18×10-8x Te0.5xe-13.3/Te 49 
D3 NH + e → N + H + e 5.0x10-8x Te0.5xe-8.6/Te 53 
D4 NH2 + e → N + H2 + e 5.0x10-8xTe0.5xe-7.6/Te 52 
D5 NH2 + e → NH + H + e 5.0x10-8x Te0.5xe-7.6/Te 51,52 
D6 NH3 + e → NH2 + H + e 5.0x10-8xTe0.5xe-4.4/Te 46 
D7 NH3 + e → NH + H2 + e 5.0x10-8xTe0.5xe-5.5/Te “ 
 Electron impact   
N1 H2+ + e → H + H 7.51x10-9  -1.12x10-9xTe + 1.03x10-10xTe2 -4.15x10-12xTe3 + 5.86x10-14 xTe4 40 
N2 H3+ + e → 3H 0.5xK(*) “ 
N3  H3+ + e → H2 + H 0.5xK(*) “ 
N4 N2+ + e → N + N 2.8×10-7x(0.026/Te)0.5 79 
N5 NH+ + e → N + H 4.30x10-8x(0.026/Te)0.5 80 
N6 NH2+ + e → NH + H 1.02x10-7x(0.026/Te)0.40 81 
N7 NH2+ + e → N + 2H 1.98x10-7x(0.026/Te)0.40 “ 
N8 NH3+ + e → NH + 2H 1.55x10-7x(0.026/Te)0.50 80 
N9 NH3+ + e → NH2 + H 1.55x10-7x(0.026/Te)0.50 “ 
N10 NH4+ + e → NH3 + H 8.01x10-7x(0.026/Te)0.605 81 
N11 NH4+ + e → NH2  + 2H 1.23x10-7x(0.026/Te)0.605 “ 
N12 N2H+ + e → N2 + H  7.1×10-7 x(0.026/Te)0.72 82 
 Ion-molecule reaction   
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Te is given in eV. 
(*) K = 8.39x10-9 + 3.02x10-9xTe – 3.80 x10-10xTe2 + 1.31x10-11xTe3 + 2.42x10-13xTe4 - 2.30x10-14xTe5 + 3.55x10-
16xTe6 
aThe expressions for the rate coefficients of I4, I5, I6, D1, N1, N2 and N3 are taken from ref. 40, where the original 
sources are indicated. The rate coefficient expressions for electron impact dissociation and ionization have been 
estimated in this work by using cross sections data and threshold energies taken from the indicated references. The 
rate coefficients for electron impact neutralization N4-N12 and for ion-molecule reactions have been taken directly 
from the cited references. 
 
 
 
 
T1 H+ + NH3 → NH3+ + H 5.20 x10-9 60 
T2 H2+ + H → H2 + H+ 6.4x10-10 “ 
T3 H2+ + H2 → H3+ + H 2.00x10-9 “ 
T4 H2+  + NH3 → NH3+  + H2 5.70x10-9 “ 
T5 H2+  + N2 → N2H+  + H 2.00x10-9 “ 
T6 H3+ + N → NH+  + H2 2.6x10-10 “ 
T7 H3+ + N → NH2+  + H 3.9x10-10 “ 
T8 H3+  + NH3 → NH4+  + H2 4.40x10-9 “ 
T9 H3+ + N2 → N2H+  + H2 1.86x10-9 “ 
T10 N+ + H2 → NH+  + H 5.00x10-10 “ 
T11 N+ + NH3 → NH2+  + NH 0.20x2.35x10-9=4.7x10-10 “ 
T12 N+ + NH3 → NH3+  + N 0.71x2.35x10-9=1.67x10-9 “ 
T13 N+ + NH3 → N2H+  + H2 0.09x2.35x10-9=2.12x10-10 “ 
T14 NH+ + H2  → H3+ + N 0.15x1.23x10-9=1.85x10-10 “ 
T15 NH+ + H2  → NH2+  + H 0.85x1.23x10-9=1.05x10-9 “ 
T16 NH+ + NH3 → NH3+  + NH 0.75x2.40x10-9=1.8x10-9 “ 
T17 NH+ + NH3 → NH4+  + N 0.25x2.40x10-9=6.0x10-10 “ 
T18 NH+ + N2  → N2H+  + N 6.50x10-10 “ 
T19 NH2+ + H2 → NH3+  + H 1.95x10-10 “ 
T20 NH2+ + NH3 → NH3+  + NH2 0.5x2.30x10-9=1.15x10-9 “ 
T21 NH2+ + NH3 → NH4+  + NH 0.5x2.30x10-9=1.15x10-9 “ 
T22 NH3+  + NH3 → NH4+  + NH2 2.10x10-9 “ 
T23 N2+ + H2 → N2H+  + H 2.00x10-9 “ 
T24 N2+ + NH3 → NH3+  + N2 1.95x10-9 “ 
T25 N2H+ + NH3 → NH4+  + N2 2.30x10-9 “ 
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Table 3. Wall neutralization and heterogeneous reactions 
 
 Wall neutralization Rate coefficient γ 
K1 H+ + Wall → H (eqn. 1)   1 
K2 H2+ + Wall → H2 (eqn. 1)  1 
K3 H3+ + Wall → H2 + H (eqn. 1)  1 
K4 N+ + Wall → N (eqn. 1)  1 
K5 N2+ + Wall → N2 (eqn. 1)  1 
K6 NH+ + Wall → NH (eqn. 1)  1 
K7 NH2+ + Wall → NH2 (eqn. 1)  1 
K8 NH3+ + Wall → NH3 (eqn. 1)  1 
K9 NH4+ + Wall → NH3 + H (eqn. 1)  1 
K10 N2H+ + Wall → N2 + H (eqn. 1)  1 
 Heterogeneous reactions   
W1 H + Fs → H(s) (eqs. 2-3) 1 
W2 H + H(s) → H2 + Fs (eqs. 5-6) 1.5x10-3 
W3 N + Fs → N(s) (eqs. 2-3) 1 
W4 N + N(s) → N2 + Fs (eqs. 5-6) 6x10-3 
W5 NH + Fs → NH (s) (eqs. 2-3) 1 
W6 NH2 + Fs → NH2 (s) (eqs. 2-3) 1 
W7 N + H(s) → NH(s) (eqs. 7-8) 1x10-2 
W8 H + N(s) → NH(s) (eqs. 7-8) 8x10-3 
W9 H + NH(s) → NH2(s) (eqs. 7-8) 8x10-3 
W10 NH + H(s) → NH2(s) (eqs. 7-8) 1x10-2 
W11 NH(s) + H(s) → NH2(s) + Fs (eqn. 9) - 
W12 H + NH2(s) → NH3 + Fs (eqs. 5-6) 8x10-3 
W13 NH2 + H(s) → NH3 + Fs (eqs. 5-6) 1x10-2 
W14 H2 + NH(s) → NH3 + Fs (eqs. 5-6) 8x10-4 
W15 NH2(s) + H(s) → NH3 + 2Fs (eqn. 10) - 
 
Fs  stands for a free surface site and X(s) refers to adsorbed species. 
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